Abstract. In order to study the effect of speed matching on behavior of tip clearance flow and its possible link to stall inception in counter-rotating fan, the Reynolds-averaged Navier-Stokes equations are solved by the numerical method in conjunction with a SST turbulence model, the effect of speed matching on performance and stability margin are investigated, so are the difference of the tip clearance flow in different speed matching. Furthermore, the effect of speed matching on behavior of tip clearance flow and its possible link to stall inception are investigated. Research results show that: when the rotational speed of Rotor 2 is less than that of Rotor 1, with the decrease of rotational speed of Rotor 2 has no notable effect on tip clearance flow fields of the two rotors, therefore offset of stalling boundary is minor and strong blockage effect is observed in Rotor 1; when the rotational speed of Rotor 1 is less than that of Rotor 2, decrease of rotational speed of Rotor 1 show significant effect on the two rotors, which leads to major offset of stalling boundary, tip leakage flow performance of Rotor 1 improved, while that of Rotor 2 weakened and large blockage area occurs. By comparison, speed variation of Rotor 1 has more effect on stalling boundary of counter-rotating fan.
Introduction
A counter-rotating fan consists of two counter-rotated rotors, driven by two electro motors, which eliminates the requirement of guide vanes. It has been widely used in industry, transportation and other fields due to its advantages such as large load, lightweight, compact structure, etc. The performance characteristics of the counter-rotating fan differ from a conventional fan due to different aerodynamic layouts, which are complex issues caused by direct counter rotation of two rotating rotors and stability margin problems determined by the aerodynamic instability [1] .
Since 1988, the influencing factors of counter-rotating fan performance have been conducted experimental researches by some researchers [2] [3] [4] , finding the apparent impacts of the speed ratio on counter-rotating fan performance and stability margin; it is also observed that the front rotor can be operated entirely out of the rotating stall region with rotors at even speed combination. The counter-rotating fan is corresponded to the low speed compressor with low pressure head. With the development of computational fluid dynamics in recent years, the impact of speed ratio on counter-rotating fan/compressor performances has been studied in detail, mainly including performance changes and generation mechanism of the counter-rotating fan and two rotors under different speed ratios [5] [6] [7] [8] .
It is well-known that the fan performance is significantly affected by the tip leakage flow, which is an important factor for the increased internal flow loss, deteriorated flow field and even stall [9] [10] [11] . Therefore, the in-depth study of tip flow has been a hot but difficult point. By means of experiments and numerical simulation, considerable researches have been conducted concerning tip leakage flow field of rotors [12] [13] [14] [15] [16] [17] , the mechanism of tip clearance flow was elucidated. The numerical calculation is carried out by Hoying [18] and Vo [19] through using multiblade-and single-blade-passage three-dimensional computations, so as to explore the relationship between the tip leakage flow and stall inception. As found by Vo, the incoming/tip-clearance flow interface is aligned with the rotor leading edge plane at the blade tip, tip-clearance backflow of one blade moves across the blade passage into the neighboring passage by passing around the trailing edge. At the same time, the stall inception can be predicted by the single-blade-passage calculations verified by Vo. Currently, though gratifying progress has been made in recent researches concerning tip leakage flow field, better explanation for many problems is still inadequate due to the complexity of itself and its influenced factors.
Owing to the strong interaction of two rotors of counter-rotating fan, the global characteristics will be affected by the rotational speed change of a rotor, thus inevitably impact the characteristics of tip leakage vortex and thereby affect the fan performance and stability margin. As indicated from previous literature, few researches have been made concerning the impact of speed matching on tip leakage flow (vortex). Therefore, in-depth research and analysis of characteristics of tip leakage flow (vortex) at different speed matching are necessary. Numerical simulation method is applied in this paper to carry out steady flow research of a counter-rotating fan, the impact of speed ratio ( 1: 2 = 1, 1: 2 < 1, 1: 2 > 1) on the fan performance and stability margin is analyzed, and researches on characteristics of tip clearance flow field are conducted under the near-stall flow condition.
Introduction of research object and tip leakage flow
The research object of this paper is a FBCDZ-No. 20 counter-rotating fan. It consists of a clockwise-rotating first rotor (Rotor 1) and an anticlockwise-rotating second rotor (Rotor 2), with the hub ratio of 0.618. Rotor 1 and Rotor 2 had 19 and 17 blades, respectively. An experiment has been conducted on the counter-rotating fan, which is shown in Fig. 1 , and the specific design parameters of the fan are shown as Table 1 . Two AC induction motors of 185 KW with separate variable frequency drives are used to drive the rotors at different speed combinations. At the inlet of 1 and outlet of 2, two pitot probe rakes comprising eight pitot tubes (1 mm in diameter for each tube) are employed to measure the total pressure. The probe was calibrated for non-nulling mode at an angular interval of 2°. The reason for setting the tip clearance of the axial fan is avoiding the friction between the rotating blade and the wall of the casing. The tip leakage flows the pressure difference between the both sides of the blade at the tip clearance position, usually accompanied by tip leakage vortex exists. The tip leakage flow can cause leakage loss and blockage, thereby reducing the efficiency and stability margin of the axial fan, also is a major source of aerodynamic noise. Vo used single-blade-passage computations to find that when the spike stall initial disturbance occurs inside the compressor, the flow response suggests a spillage of tip-clearance flow to the adjacent blade passage ahead of the rotor leading edge and below the blade tip's radius, as shown in Fig. 2(a) , the incoming flow/tip-clearance flow interface lies parallel to the rotor leading-edge plane, in addition, Fluid originating from the tip-clearance region of one blade moves across the blade passage into the neighboring passage by passing around the trailing edge, as shown in Fig. 2(b) . 
Numerical model
ANSYS CFX is used to solve the three-dimensional compressible Reynolds-averaged Navier-Stokes equations. The finite volume method is employed as the numerical method. The turbulence model of Shear Stress Transport model is applied, referred to as SST model, which is combined with advantages of -turbulence model in terms of simulating the near-wall boundary layer and characteristics of -turbulence model concerning small dependence towards far-field boundary conditions [20] , thus having greater prediction accuracy pertaining the tip leakage flow.
A composite grid system with structured grids was used to simulate the tip leakage flow field accurately, with the total number of 2.9 million grids, as shown in Fig. 3 . The computing meshes are divided into domains of Rotor 1 and Rotor 2. The numbers of stream wise, span wise and pitch wise grid nodes of both Rotor 1 and Rotor 2 are 123×85×91. To improve the quality of grids, O-block grid is applied on the plane area of blades, H-block grid is employed by the inlet and outlet and mainstream area, and butterfly grid topology is used in the clearance region. A total of 29 grid nodes in the span wise direction are existed in the clearance, with the first layer of mesh wall thickness of 0.003 mm, gives < 2 at the walls, thus meeting the requirements of turbulence model.
In order to verify the gird independence, 1.2 million grids are taken as the starting point, and 5 computations with different grid nodes are carried out from 1.2 million, 1.8 million, 2.9 million, 3.4 million and 3.8 million respectively. The distribution densities of the 5 different grid nodes are similar, which are mainly used for encryption. As indicated from the calculation, fan performance parameters are no longer sensitive to grid nodes when the number of nodes is more than 2.9 million. Therefore, 2.9 million grid nodes are applied for the calculation in the paper under comprehensive consideration of computational accuracy and time.
No-slip and adiabatic conditions are applied to all wall surfaces; the total temperature and total pressure of standard atmosphere as well as axial inflow are specified as the inlet boundary condition; while the static pressure is specified at the outlet assuming radial equilibrium. The stage method is used to process the interface. Due to the extreme complexity of fan flow field at near-stall point, so far there is no accurate numerical simulation method to capture the fan stall point. Therefore, at current stage, numerical divergence point is applied as fan stall point by most researchers.
Fig. 3. Computational grid

Research scheme
The impact of speed ratio on fan performance, stability margin and tip flow field of near-stall points are emphasized in this paper. The speed triangle of counter-rotating fan is shown in Fig. 4 . Rotor 1 and Rotor 2 are influenced by flow rate. Reduced flow rate leads to decreased axial velocity ( ), so that the angle between the relative velocity ( ) and the blade inlet increases, resulting in an increase in the incidence airflow angle. When the blade rows work in a large incidence angle, because of some interference in the flow field, it will cause the instantaneous flow separation in one or several blade passages and cause the blockage, this separation disturbance develops rapidly, may develop into a large rotating stall cells within a very short period of time. Therefore, at near-stall point, the blade attack angle increases are relatively larger due to the declined axial speed, and it can be declined because of the reduction of tangential velocity , thereby improving working conditions. The design speed ratio is set as the benchmark, 6 different designs varying in speed ratio are presented in Table 2 . The design speed ratio is designed in program 1, 2: 1 = 1; the rotational speed of Rotor 2 is gradually decreased in program 2-4 while the rotational speed of Rotor 1 is remained consistent at 980 rpm, 2: 1 < 1; and the rotational speed of Rotor 1 is gradually decreased in program 5-7 while the rotational speed of Rotor 2 is remained consistent at 980 rpm, 2: 1 > 1.
Results and discussion
Validation of simulation
The performance characteristic curves of numerical simulation and experiment are shown in Fig. 5 . The results of the simulations show a good agreement with experimental data. In the first half of total pressure rise characteristic diagram, the numerical simulation result is slightly higher than the total pressure rise obtained from experiments; and in the second half of efficiency characteristic diagram, the experimental result reduces rapidly; the numerical simulation result is slightly greater than the experimental result in terms of flow values corresponded by stall points. As shown in Fig. 5 , point A is the stall point captured by numerical simulation, and point B is the computational point at the step before that of point A, with the backpressure difference of 100 Pa. Thereafter, researches of the near-stall point are all developed for point B due to its vicinity of stall and its relative stable calculation. 
Effect of speed ratio on performance and stability margin
Tip leakage flow played a major impact on fan performance and stability margin. The characteristic curve regarding total pressure rise of the fan was given under different speed ratios, as shown in Fig. 6 . It is indicated that under different speed ratios, the stall flow is offset towards small flow range and the stable operating range is reduced along with the decreasing speed ratio of Rotor 1 or Rotor 2, the stall flow is offset towards small flow range, the stable operating range of the fan is reduced, and furthermore, the fan pressure rise was gradually declined at the same flow rate. However, the characteristic curves of 2: 1 < 1 and 2: 1 > 1 are compared, finding that significantly greater offset amplitude towards small flow is presented in the stall flow at 2: 1 > 1. The efficiency characteristic curve under different speed ratios is displayed in Fig. 7 , and the stability margin characteristics are consistent with that in Fig. 6 . With the declined rotational speeds of Rotor 1 and Rotor 2, the fan efficiency is gradually decreased at the same flow rate, and the maximum efficiency point is offset towards the small flow rate. Red lines A-A and B-B in the figure are link line of highest efficiency points of speed ratios 2: 1 < 1 and 2: 1 > 1, respectively. With the reduced rotational speed, the offset amplitude concerning the maximum efficiency points of 2: 1 < 1 is lesser, while that of 2: 1 > 1 is greater. In addition, in the points after maximum efficiency point in efficiency characteristic curve, faster declining trend of 2: 1 > 1 is shown. Therefore, as analyze from the perspective of the fan performance and stability margin, the purpose of delay stall can be achieved through the changes of speed ratio. And the application of speed triangle can be understood as that in the near-stall flow range, the inlet air attack angle of corresponding rotors is reduced with the declining rotational speed of Rotor 1 or Rotor 2, thereby improving its flow field. Since the essential existence of several stall groups rotating around blade surfaces, the rotating stall phenomenon is thus a strong three-dimensional flow phenomena. Therefore, further analysis through numerical simulation of flow field is necessary. 
Effect of speed ratio on characteristics of tip clearance flow field
Tip leakage vortex plays a key role in stall inception, which has become a consensus. As found in many researches [15, [21] [22] [23] , unsteady fluctuations are existed in the tip leakage flow field of most fans/compressors under the near-stall states, tip leakage vortex breaks under certain conditions, but disagreements are still appeared in mechanisms of unsteady flow phenomenon in tip regions. As demonstrated in numerical simulation of unsteady flow by Hu [24] 
Comparative of tip clearance flow field under different conditions
When the condition is 2: 1 = 1, the characteristics of tip clearance flow field are firstly analyzed at the design point and near-stall points, as shown in Fig. 8 . The tip clearance flow streamline of Rotor 1 and Rotor 2 is displayed in Fig. 8(a) , and the circumferential average absolute vorticity contour is presented in Fig. 8(b) . The black and red lines in the figure represented tip streamlines at 0.2 h and 0.8 h, respectively: h is the tip clearance heights, 0 h is the blade tip and 1 h is the casing. And the absolute vorticity was defined as:
where, | | and represented the mode of absolute vorticity and rotational angular velocity, respectively. The larger value of absolute vorticity is, the higher strength of the clearance leakage vortex would be.
As known from the streamline diagram, tip leakage vortex is appeared in Rotor 1 and Rotor 2 under the design condition, with the vortex core in the form of concentrated vortex, which is appeared in the blade leading edge. Tip leakage vortex streamlines are rolled tightly and spirally. With flow reduce to near stall point, the streamline is changed apparently, the upstream incoming flow and leakage flow of Rotor 1 are rolled at the leading edge, and the fluids in stream wise direction are almost parallel with the leading edge of plane of blades, which is consistent with the research of Vo [19] . Meanwhile, the leading edge streamline of Rotor 1 is in diffusion shape, and the streamline of Rotor 2 spiral degree becomes weak. In addition, due to the relative motion between the rotor and casing, the tip leakage vortex is significantly influenced by the drag action of viscous force in wall boundary layer, which led to the nearly circumferential leakage streamline close to the wall, thus eventually resulting in the occurrence of secondary leakage.
As found from circumferential average contour of absolute vorticity, at the design point, the tip leakage vortex is appeared in the upstream and middle regions of chord length, while at the near-stall point, the tip leakage vortex is emerged in the blade leading edge, which is consistent with the above streamline result. The flow from the design point to the near-stall point, high vorticity region within the tip clearance is significantly increased along both radial and flow direction, while the vorticity within the casting area is not changed significantly. Therefore, the tip leakage vortex is the main reason of fan stall. 
Analysis of tip clearance flow field under different speed ratios
To study the effect of speed ratio on tip clearance leakage flow, the flow characteristics of tip clearance flow field at near-stall point (Fig. 5, point B) under different speed ratios are studied as below.
The tip clearance flow streamlines under different speed ratios are shown in Fig. 9 and Fig. 10 . The condition of 2: 1 < 1 (Rotor 1 of fixed speed and Rotor 2 of gradual decreasing speed) is shown in Fig. 9 and the condition of 2: 1 > 1 (Rotor 2 of fixed speed and Rotor 1 of gradual decreasing speed) is displayed in Fig. 10 . Black and red lines in the figure represented tip streamlines at 0.2 h and 0.8 h, respectively. The static entropy contour and casting wall static pressure distribution at different speed ratios are shown in Fig. 11 and Fig. 12 . The condition of 2: 1 < 1 is shown in Fig. 11 and 2: 1 > 1 is displayed in Fig. 12 .
With the condition of 2: 1 < 1 in Fig. 9 , the rotational speed of Rotor 1 is remained constant, and the leakage flow streamline is shown little changes on Rotor 1; meanwhile, the spiral degree of tip clearance streamline of Rotor 2 is reduced slightly along with the decreasing rotational speed of Rotor 2. As seen from the static entropy contour in Fig. 11 , an obvious interface, including dramatic entropy gradient changes in the direction parallel with the leading edge plane, between high and low entropy values is existed in the leading edge of Rotor 1, which is the interface of mainstream and leakage flow. A similar interface is also appeared in the leading edge of Rotor 2, namely the interface of upstream incoming flow and tip leakage flow of Rotor 2. With the decreasing rotational speed of Rotor 2, no significant changes are shown in the interface of Rotor 1 leading edge, while the entropy gradient in the interface of leading edge of Rotor 2 is weakened gradually. When the condition is 2: 1 = 740:980, the entropy gradient of interface is relatively small, indicating a better balance reached between the mainstream momentum and tip leakage flow momentum of Rotor 2. As found from static pressure distribution in Fig. 11 , an obvious pressure trough is appeared in the blade suction surface side. It was indicated from Furukawa's research that the pressure trough of casting wall was corresponding to characteristics of the tip leakage vortex. The pressure trough of Rotor 1 declines rapidly in the stream wise direction, and that of Rotor 2 is very apparent in stream wise direction. Along with the reduction of rotational speed of Rotor 2, no obvious changes of pressure trough of Rotor 1 and Rotor 2 is shown in the leakage flow direction, thus indicating the insignificant changes regarding characteristics of tip leakage vortex. Under the condition of 2: 1 > 1 in Fig. 10 , the streamlines of Rotor 1 and Rotor 2 are changed significantly. When the rotational speed of Rotor 1 is declined, the originally diffused streamline at the leading edge of Rotor 1 is changed to the tight spiral, and the red streamline at the side of the wall is transferred from circumferential to the stream wise direction, thus indicating the improvement of flow field characteristics of Rotor 1; meanwhile, the streamline form of Rotor 2 is altered from the spiral to the diffusion due to the impact of speed ratio. The static entropy contour of Rotor 1 in Fig. 12 is changed significantly, and 
the entropy values in leading edge of Rotor 2 have always been existed. As found from static pressure distribution, if the rotational speed of Rotor 1 is reduced, the pressure trough on the wall of Rotor 1 is becoming clear gradually, and the angle between vortex core track and chord length is significantly reduced; and meanwhile, the pressure trough on the wall of Rotor 2 is attenuated gradually, and the angle between vortex core track and chord length is decreased slightly. Therefore, the reduction of rotor speed can, firstly, weaken the viscous force in boundary layer suffered by tip leakage vortex of the rotor; secondly, reduce the high load on the rotor, thereby improving its tip leakage flow field. It is worth noting that characteristics impact of tip leakage vortex of counter-rotating fan can be significantly differed by the changes of rotational speeds of Rotor 1 and Rotor 2. Hence, characteristics of tip leakage vortex of counter-rotating fan are given further analysis.
Characteristics of tip leakage vortex under different speed ratios
The absolute vorticity contour under different speed ratios is shown in Fig. 13 , and the distribution of total pressure loss coefficient in stream wise direction under different speed ratios is shown in Fig. 14, respectively Tip leakage vortex core is corresponding to the concentrated area of vorticity. With 2: 1 < 1 in Fig. 13(a) , a clear concentrated area of vorticity can be seen in Plane 1 of the Rotor 1. However, affected by the strong viscous force in the boundary layer, the concentrated area of vorticity is diffused apparently and vigorously from Plane 2. That same was to that from Plane 3, 4, 5, 6 . Since the mainstream is overflowed in the leading edge, a series of vortex patches with low absolute vorticity magnitude are appeared in the leading edge of the plane. Rotor 2 is changed simultaneously with Rotor 1. Regarding Rotor 2, though the absolute vorticity of tip leakage vortex is gradually weakened in the stream wise direction at the same time, the concentrated area of vorticity corresponded by vortex core can be clearly observed from Plane 1 to Plane 4. Along with the gradually decreasing rotational speeds of Rotor 2, small changes regarding the absolute vorticity characteristics are presented in Rotor 1 and Rotor 2, which is consistent with the above analysis in Fig. 9 and 11 .
As can be seen from Fig. 13(b) , at the condition of 2: 1 > 1, along with the decreasing rotational speed of Rotor 1, significant changes are appeared in the absolute vorticity contour of Rotor 1; a series of obvious concentrated area of vorticity are appeared in the blade passage; and the angle between vortex core track and chord length is decreased, which is corresponding to the static pressure distribution on the wall in Fig. 11 . As indicated from the vorticity distribution contour of Rotor 2, when the speed ratio is changed to 2: 1 = 820:980 from 2: 1 = 900:980, the absolute vorticity distribution pattern is appeared abruptly in the blade passage of Rotor 2, and the concentrated area of vorticity is significantly diffused, which is no longer evident in Plane 4.
Total pressure loss coefficient in Fig. 14 is defined as:
wherein, represented local total pressure, the total pressure loss coefficient in the numerical range greater than zero is only shown in the figure. At the condition of 2: 1 < 1 in Fig. 14(a) , the total pressure loss of Rotor 1 is dramatic in the streamwise direction, whose scope is developed in the streamwise and radial directions until covering the entire blade passage. High loss region means the accumulation of low-energy fluid on the wall, and severe blocking effect is caused by greater high loss area, thus resulting in significant blocking impact of Rotor 1. And at the speed ratio of 2: 1 < 1, certain degree of total pressure losses is existed in the leading edge of plane of Rotor 2. With the decreasing rotational speed of Rotor 2, the total pressure losses of Rotor 1 and 2 are only relieved mildly. At the condition of 2: 1 = 980:740, the mixing phenomenon in Rotor 2 channel is apparent, which is corresponding to the smaller entropy gradient of Rotor 2 in Fig. 11 .
At the condition of 2: 1 > 1 in Fig. 14(b) , the scope and strength of total pressure losses on Rotor 1 are declined rapidly with the decreasing rotational speed of Rotor 1, while the scope and strength of total pressure losses in the entire tip area of Rotor 2 are increased. Therefore, the blocking effect of Rotor 1 can be improved by such speed ratio, which could, however, aggravate the blocking effect of Rotor 2.
Speed ratio plays an important influence on the characteristics of tip leakage vortex. And characteristics of tip leakage vortex can be varied through the individual change regarding rotational speeds of Rotor 1 or Rotor 2. Compared with the speed ratio of 2: 1 < 1, the tip leakage vortex at the speed ratio of 2 : 1 > 1 is suffered from stronger impact. In the characteristic curve, it is expressed by the offsetting stall point towards points with small flow rate, showing greater amplitude. Moreover, a rotor with high rotational speed has more severe corresponding blocking degrees in the tip region under different speed ratios.
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Conclusions
1) In terms of fan performance and stability margin, general good agreement is shown between the steady calculation result and the actually measured data. When the speed matching changes and with the increase of rotational speed difference between two rotors, both total pressure rise and efficiency of the fan reduce at the same flow rate, the stable operating range narrows, and the stall boundary is offset to the small flow. When the rotational speed of rotor 1 is less than that of Rotor 2, the offset degrees of both stall boundary and maximum efficiency points at the speed ratio are more apparent.
2) With 2: 1 < 1 and near-stall flow, along with the decreasing the rotational speed of Rotor 2, the characteristics of tip clearance flow field of Rotor 1 are of little changes along with the reducing speed ratio. An interface between the mainstream and tip leakage flow exists in the leading edge of Rotor 1, and tip leakage vortex of Rotor 1 diffuses dramatically in the stream wise direction, thus leads to a large area of strong total pressure loss and powerful blocking effect. The characteristics of tip clearance vortex of Rotor 2 present no significant changes, maintaining a clear structure of concentrated vortex. However, a better balance is reached between the mainstream momentum and tip leakage flow momentum of Rotor 2, leading to dramatic blending between the tip leakage flow and the mainstream.
3) With 2: 1 < 1 and near-stall flow, along with the decreasing the rotational speed of Rotor1, the concentrated vortex characteristics gradually recover in the tip leakage vortex of Rotor 1, the tip leakage flow field improves significantly and the blocking effect is weakened. The tip leakage flow field of Rotor 2 deteriorates seriously along with its increasing speed ratio, an interface between the mainstream and tip leakage flow with greater entropy gradient is appeared in the leading edge, and significantly high total pressure loss region is shown in the blade tip range, resulting in severe blocking effect. 4) As indicated from the characteristics of tip clearance flow field under different speeds, the rotational change of Rotor 1 exerts a great influence on the characteristics of tip clearance flow field of two rotors, while the rotational change of Rotor 2 only brought about certain impact on the characteristics of tip clearance flow field of Rotor 2. Therefore, a greater impact is played from the rotational speed of Rotor 1 on the stall boundary of the counter-rotating fan.
